At the heart of current information nanotechnology lies the search for ideal platforms hosting the smallest possible magnets, i.e. single atoms with magnetic moments pointing out-of-plane, as requested in a binary-type of memory. For this purpose, a 2D material such as graphene would be an ideal substrate thanks to its intrinsic low electron and phonon densities, as well as its 6fold symmetry. Here we investigate, from first-principles, a fundamental mechanism detrimental for the magnetic stability: the zero-point spin-fluctuations modifying the effective energy landscape perceived by the local spin moments of 3d and 4d transition metal atoms deposited on a free standing graphene. Utilizing time-dependent density functional theory and by virtue of the fluctuationdissipation theorem, these spontaneous quantum fluctuations are found to be negligible for most of the 3d elements, in strong contrast to the 4d atoms. Surprisingly, we find that such fluctuations can promote the magnetic stability by switching the easy direction of the magnetic moment of Tc from being initially in-plane to out-of-plane. The adatom-graphene complex gives rise to impurity states settling in some cases the magnetocrystalline anisotropy energy -the quantity that defines the energy barrier protecting the magnetic moments and, consequently, the spin-excitation behavior detectable with inelastic scanning tunneling spectroscopy. A detailed analysis is provided on the impact of electron-hole excitations, damping and lifetime of the spin-excitations on the dynamical behavior of the adsorbed magnetic moments on graphene. arXiv:1912.09938v1 [cond-mat.mtrl-sci] 
I. INTRODUCTION
In the present days, digital information is stored in binary units. This is achieved by using building blocks that present bistability, with the two states separated by a reasonable energy barrier. The utmost miniaturization of these elements in the context of magnetic information storage is a single-atom memory based on the orientation of the atomic magnetic moment. Of great interest are, thus, magnetic atoms displaying bistability when the rotational symmetry is broken, as, for example, after adsorption on a substrate. The adatoms may then manifest a magnetic anisotropy favoring the out-of-plane orientation of the atomic moment, i.e., perpendicular magnetic anisotropy (PMA), as opposed to an anisotropy that favours the moment to lay in-plane, where it can rotate 360 • with ideally no energy dissipation. This drives the current race for the discovery and engineering of platforms enhancing the PMA and magnetic bistability of adatoms for information technology [1] [2] [3] [4] .
For technological applications, it is also important that the substrate possesses advantageous electrical properties [5] [6] [7] . Graphene is appealing thanks to its fascinating physical charcteristics [8] [9] [10] [11] [12] such as high carriers mobility 13 and excellent conductivity 14 . This material also exhibits very long spin relaxation times (in the range of µs), and relaxation lengths (of the order of 100 µm) 15, 16 . All in all, graphene is one of the most promising candidates for spin information transport since it can be used as a spinconserver system that can transmit spin-information with high fidelity 16, 17 .
Various theoretical investigations demonstrated that transition elements embedded in graphene can develop finite magnetic moments with sizeable magnetocrystalline anisotropy energy (MAE), see e.g. Refs. 18-21, which motivated several studies devoted to transport properties. For example, heavy 4d and 5d adatoms were theoretically prospected to realize the quantum spin Hall state in graphene 22, 23 . In addition, a giant 2D topological insulating gap was predicted in graphene decorated with heavy adatoms possessing partially filled d-shells such as osmium and iridium 24 . Despite their possible impact on the Hall effects, recent predictions indicate that some impurities can be non-detectable electrically if deposited in one of most common adsorption sites of graphene 25, 26 . When the adsorbed moments are driven to an excited state, as shown from a simple model approach, the resulting dynamical spin-excitations are carried for long distances without dispersion in nanotubes and nanoribbons 27 , which can be utilized as spin transistors that can be turned on or off with a purely electric gate 28 .
Several ingredients, such as its intrinsic low electron and phonon densities, seem to favor the exploration of graphene as an ideal host for stable magnetic moments. However, studies on other substrates, such as metals and insulators, pinpointed several mechanisms challeng-ing the robustness of bistability favored by the PMA, e.g. Refs. 1, [29] [30] [31] [32] , hitherto not considered for graphene. A major issue identified recently are spontaneous quantum fluctuations present even at absolute zero temperature, the so-called zero-point spin-fluctuations (ZPSF) [32] [33] [34] . The magnitude of the latter is intimately related to the spin-excitations properties shaped by the local magnetic moments, the strength of spin-orbit coupling and electron-hole interactions.
X-ray magnetic circular dichroism (XMCD) and inelastic scanning tunneling spectroscopy (ISTS) identified several adatoms with MAE of a few meV (see e.g. Refs. 31, [35] [36] [37] [38] [39] , which surprisingly behave paramagnetically when probed using XMCD or spin-polarized scanning tunneling microscopy (SP-STM). This is the case for Co and Fe adatoms, which were found to be paramagnetic, and carrying a magnetic moment with an outof-plane easy axis when deposited on Graphene/SiC 40 . In contrast, Ni seemed to be non-magnetic. Recently, measurements based on ISTS 41 pointed out that single Co adatoms are also paramagnetic on Pt-supported graphene with a MAE of 8.1 meV favouring a PMA. So far, the only single adatoms demonstrated to be stable magnetically by showing a hysteresis opening are Ho and Dy atoms deposited on respectively insulating MgO films on Ag(001) surface and graphene on top of Ir(111) 1, 42 .
In this work, we explore by means of first-principles utilizing time-dependent spin-density functional theory (TD-DFT) the magnetic stability and spin-excitations of a set of 3d (Mn, Fe, Co) and 4d (Mo, Tc, Ru) transition metal adatoms deposited on the hollow site, i.e. at the center of the hexagon, of a graphene monolayer. On the one hand, we obtain spin-excitation spectra detectable experimentally with ISTS, i.e. spin-fluctuations that can be externally driven, which encode all the information essential to the atomic spin-dynamics such as the MAE, electron-hole excitations and excitation lifetimes. These are important to characterize for any manipulation of the state of a magnetic moment. On the other hand, we employ the fluctuation-dissipation theorem 43 to evaluate the ZPSF, which modify the energy landscape of the magnetic adatoms and renormalize the magnitude of the MAE as obtained from simulations based on regular static DFT. The 3d atoms experience a relatively slight decrease of their effective MAE, with Fe having the largest PMA. Thus graphene offers an ideal platform for weak ZPSF and, by extension, for stable moments. The 4d atoms with their moments preferring initially to be in-plane, however, develop large ZPSF decreasing thereby their respective MAE. Interestingly, we discovered that the moment of one of the adatoms, Tc, switches its preferable orientation to point out-of-plane. In other words, ZPSF counter-intuitively can promote PMA on graphene. It is to our knowledge the first element demonstrating such a behavior.
We find that the spin excitational behavior can be deeply impacted by the localized impurity states emerging near the Fermi level as a result of the hybridization of the electronic states of the transition metal adatoms and of graphene. This is particularly strong in the case of Fe due to its large d-resonance at the Fermi energy in the minority channel. In combination with doping and electric fields, this feature can be used to manipulate the excitations -both driven and spontaneous -to achieve a tunable stability that can be used in future magnetic storage devices.
This manuscript is structured as follows: Section II provides the computational details and methods on which our study is based. The results of the simulations and their analysis are displayed in Section III, where we present both static ground state properties and the excitations/fluctuations, and discuss how these quantities are intertwined. Finally, we conclude in Section IV and provide an outlook for future work in this direction.
II. COMPUTATIONAL METHODS
The ground state of the investigated systems are obtained within density functional theory. Initially, the structural relaxations of the impurities are determined using the Quantum Espresso simulation package 44 within the local spin density approximation (LSDA) 45 . The obtained distances are listed in Table I . We have also obtained similar results using the generalized gradient approximation (GGA). The relaxations were done setting the convergence criterion of the force to 10 −4 a.u., with a periodic 4 × 4 supercell containing 32 carbon atoms and the impurity. An energy cutoff of 70 Ry was assumed. Once the relaxed positions are computed, they are used as inputs for simulations using the Korringa-Kohn-Rostoker (KKR) Green function method 46, 47 , which are done in two steps: First, we self-consistently determine the ground state of the periodic graphene monolayer within the atomic-sphere approximation including the full charge density. Second, the transition metal impurities are embedded into a real space impurity cluster containing 20 neighbouring carbon atoms. This method does not suffer from the problem of having periodicallyrepeated impurities that couple to each other 48 . The spin-orbit interaction is included self-consistently.
Starting from the obtained ground state, we then study the spin excitations described by the dynamical spin response of the 3d and 4d impurities deposited on graphene using TD-DFT [49] [50] [51] [52] . The central quantity in this approach is the dynamical magnetic susceptibility, which is defined as the spin magnetization response to an oscillatory magnetic field with frequency ω, δb(r, ω), as
where α, β represent cartesian components. We focus only on the transversal spin excitations 32, 52 , which are encoded in the spin-flip dynamical magnetic susceptibility, χ +− (ω), since they correspond to the spectra measured within ISTS 49, 53 . It can be computed from the non-interacting Kohn-Sham susceptibility χ +− KS (ω) after solving the Dyson-like equation
K xc is the exchange-correlation kernel defined in the adiabatic local spin-density approximation 52 , i.e., frequency independent and local in space. Furthermore, a more intuitive understanding of the spin dynamics can be obtained by mapping the susceptibility obtained from first-principles into the one from a generalized phenomenological Landau-Lifshitz-Gilbert (LLG) model 54 , where the equation of motion of the magnetic moment M = V cell dr m(r) (V cell being the volume of the magnetic unit) reads
The first term on the right-hand side is proportional to the gyromagnetic ratio γ and represents the torque that drives the magnetization into precession motion, the second one accounts for the damping through the Gilbert damping parameter α 54, 55 .The effective magnetic field B eff = B ext − 2K Mê z originates in the external field as well as in the magnetic anisotropy energy, which, for the uniaxial system under consideration, reads
K is the magnetic anisotropy constant, which can be extracted from the magnetic susceptibility, K susc , or from the band energy differences, K b . 56
III. RESULTS
In this section, we first study and discuss ground state properties of the 3d and 4d impurities adsorbed on graphene. Subsequently, we analyze the spin-excitation spectra and relate it to the physical quantities present in Eq. (3). Third, we examine the spin-fluctuations and their impact of the magnetic anisotropy barriers of the impurities under consideration.
The geometrical configuration for the adatom adsorbed on graphene hollow-site is depicted in Fig. 1 . Depending on their chemical nature, the different impurities relax towards the graphene monolayer at different heights ranging from d = 1.5 to 2.9Å. The relaxed positions, d, for each impurity are given in Table I . The computed values are in good agreement with previous DFT-based calculations (see Refs. 18, 20) . Note that, overall, the 3d adatoms tend to relax more in comparison with the 4d elements. This is due to the fact that 4d orbitals are more extended spatially than the 3d ones, which affects the effective size of the atoms and, therefore, the resulting atomic relaxation.ã 
A. Ground state properties
The electronic states of the adatoms can be visualized in the local density of states (LDOS) shown in Fig. 2 . We note that apart from the usual peaks expected from the d resonances of the adatoms, localized features, which are nothing else than impurity-states, show up close to the Fermi level. This is more evident in the case of Mn and Fe, where this state stands out in the majority-spin channel. Fe presents also a very high density of states in the minority-spin channel, which can also be originating or have a contribution from the impurity-state. We note that the LDOS of Co forms a rather wide band resulting from the large hybridization with the electronic states of the graphene sheet induced by the short adatomsubstrate distance (d = 1.5Å). In contrast to the 3d elements, the exchange splitting between the majorityand minority-spin bands for the 4d adatoms is smaller, as expected. This correlates with the spin moments M s obtained in Table I . The 3d elements display a maximum value of M s at half filling, i.e., for Mn with M s = 3.57 µ B , and a minimal value for Co, M s = 1.52 µ B -in line with the predictions based on Hund's rules and previous results obtained for similar systems 18, 19 . Surprisingly, the orbital moment M o for Co is found to be half of the one computed for Fe, in contrast to the larger expected value for isolated atoms. Such a scenario may occur for the systems under consideration due to the strong hybridization of the electronic states.
The spin moments of the 4d adatoms experience first a decrease when going from Mo (1.33 µ B ) to Tc (1.05 µ B ), followed by an increase for Ru (1.86 µ B ) as a function of the filling of the electronic states. This is in line with the relaxations experienced by each of the impurities. Indeed, Tc is the closest to the substrate, which enhances hybridization and reduces the magnitude of the spin moment. Due to their stronger spin-orbit interaction, the values of the orbital moments obtained for the 4d elements are generally larger than the ones found for the 3d adatoms, in contrast to the spin moments.
Upon rotation of the spin moment, the orbital moment can experience a modification that, under some approximations, can be related to the MAE by the so-called Bruno's formula 57 . This expression stipulates that the spin moment prefers to align along the direction maxi- Table II , where a positive value indicates a PMA. Based on Bruno's formula, Fe, Co and Ru are expected to display a PMA, contrary to Mn, Mo and Tc. Furthermore, we expect the MAE of the 4d elements to be larger than those of the 3d ones since the orbital magnetic anisotropy is of the same order of magnitude but the spin-orbit interaction is the largest for the former atoms.
In practice, we compute the MAE employing two distinct methods: band energy differences between two orientations of the spin moment, and linear response theory in the spirit of TD-DFT. The former method is often used in the literature, it does not necessarily lead to values of the MAE compatible with the one acting on the spinexcitation spectrum 56 discussed in the next section. If one is addressing an idealized Heisenberg system, where the spin moments do not change upon rotation, both schemes should lead to similar results.
We start by analysing the band energy method. Within the framework of the magnetic force theorem [58] [59] [60] , the MAE can be obtained from Eq. (4) as K b = E x − E z , where E α represents the band energy when the spin points along α. Note that within our sign convention and similarly to the orbital moment anisotropy, positive and negative K b correspond to preferred out-ofplane and in-plane magnetization directions, respectively. The obtained values of the MAE for the different elements are plotted in Fig. 3 and listed in Table II . Among the 3d elements, Fe and Co favor an out-of-plane orientation, in contrast to Mn that points in the plane. All the 4d impurities display an easy plane anisotropy, according to the band energy differences. We also notice that the MAE of 4d elements is substantially larger in comparison to the 3d ones, due to their stronger spin-orbit interaction (from which the MAE originates), as expected from Bruno's formula.
The trends (sign and magnitude) of K b obtained for the 3d impurities are in general in good agreement with the predictions of Bruno's formula. For example, Mn has nearly half-filled d-orbitals, presenting the lowest orbital moment among the investigated adatoms, II: Magnetic properties of 3d and 4d elements adsorbed on a graphene monolayer. ∆Mo accounts for the orbital moment anisotropy. The constant K b denotes the MAE calculated using the magnetic force theorem, while K sf b represents its value renormalized by the spin-fluctuations. Ksusc and K sf susc designate the same quantities, but obtained from the magnetic susceptibility. All the anisotropy constants are given in meV. ωmax is the resonance frequency of the spin excitation, α is dimensionless Gilbert damping parameter, and τ represents the lifetime in picoseconds. We also list the ratio between the zero-point fluctuation amplitude and the spin magnetic moment ξ Ms for each impurity. (see Table I ). Accordingly, it also presents a weak orbital magnetic anisotropy and, consequently, a very small inplane MAE, as listed in Table II . We note that Bruno's formula fails to describe the easy axis of Ru.
In addition to using band-energy differences, the MAE can alternatively be obtained from the static transverse magnetic susceptibility, calculated within linear response theory, as K susc = M 2 s Re[χ −+ (ω = 0)] −1 55, 56 . The values obtained using this approach are also given in Table II and illustrated in Fig. 3 . The two methods disagree when sharp features are present near the Fermi energy in the density of states. This causes large changes in the electronic structure when rotating the magnetic moment, which invalidates the use of the magnetic force theorem 56 . Fe and Mo are the most affected elements (see Fig. 2) , with values of K susc reaching 4.9 meV and −8.5 meV, respectively.
Finally, we point out that our results are in line with the experimental and theoretical results reported in Ref. 40 for Fe and Co impurities adsorbed on a monolayer graphene on SiC(0001).
B. Spin-excitations spectra
In this section, we analyze the transverse magnetic susceptibility, which describes the excitations driven by time-dependent external magnetic fields as given, in Eq. (1). The density of transverse spin-excitations is obtained from the imaginary part of
which quantifies the probability of changing the spinstate by , and is directly related to the spectra measurable with ISTS measurements when probing spin excitations 49, 61 . This quantity is depicted in Fig. 4a for all the adatoms as function of the energy. Each curve is characterized by two quantities: the excitation energy and the width of the resonance peak. The former is directly related to the MAE and, consequently, to the strength of the spin-orbit interaction 52 . The latter is shaped by the density of electron-hole excitations of opposite spin and thus proportional to the strength of the hybridization between the electronic states of the adatom with those of the substrate 51 . Since 4d adatoms have generally larger MAE (as discussed in Sec. III A), their resonant energies are larger than those of 3d adatoms. In particular, the largest resonance energy is observed for Mo, with a value of 9.40 meV, followed by Tc and Ru, with peaks located at 5.83 meV and 2.71 meV, respectively. These results correlate with the trend of the MAE, which opens the excitation gap, shown in Table II . The spin excitation energies related to Fe and Co are located at 0.22 meV and 0.64 meV, respectively, while Mn exhibits a very small resonance energy of 0.02 meV. The latter is in line with the weak MAE of Mn (see Table II and Fig. 3 ).
Next, we analyze the lifetime of the transversal spin excitations, which is a quantity of prime importance from the application point of view [62] [63] [64] [65] . The lifetime τ is defined as the inverse of the full-width at half maximum of the spin excitation resonance Γ, i.e., τ = 2 Γ 52,65 . In a phenomenological description given by Eq. (3), Γ is proportional to the Gilbert damping α 55 . By fitting the curves in Fig. 4 to the susceptibility expressions obtained from Eq. (3), we obtain the values for α and τ given in Table II . Among the 3d elements, the lifetime τ is significantly smaller for Fe (0.2 ps) as compared to Mn (14 ns) and Co (192 ps). The low values of τ for Fe can be tied back to the very large value of the Gilbert damping (as shown in Table II ), which, in turn, arises from the details of the electronic structure around the Fermi level ε F . Indeed, the introduction of impurities into graphene may induce impurity states in the vicinity of ε F 66 , increasing the spectral occupation in this range (see Fig. 2 ). In the particular case of Fe, the impurity state in the majority-spin channel occurs exactly at the Fermi energy. Due to the large d-state peak located also at ε F in the minority-spin channel, the Gilbert damping α is strongly enhanced, as it is proportional to n ↑ (ε F ) n ↑ (ε F ) 51 , resulting in the overdamped excitation spectra seen in Fig 4a. For 4d impurities; the lifetime is large for Tc with a value of 34 ps, while τ is 9.3 ps and 1.7 ps for Ru and Mo, respectively.
C. Zero-point spin-fluctuations
The quantum mechanical system composed by the electrons spins can also fluctuate spontaneously, even without any applied external field. These are the ZPSF, which can also alter the magnetic stability of the adatoms through the modification of the MAE barrier 32 . The magnitude of the ZPSF, ξ 2 ⊥ , can be accessed via the fluctuation-dissipation theorem 43 ,
Note that the spontaneous fluctuations are defined in terms of the density of spin excitations given by the imaginary part of χ +− (see Eq. 5). It is obtained by integrating the spectra displayed in Fig. 4a over all positive energies. Interestingly, ξ 2 ⊥ is highly dependent on the position of spin-excitation peak and its linewidth 32 . The calculated magnitude of the ZPSF, ξ ⊥ (in units of µ B ), is displayed in Fig. 4b, together with the spin magnetic moment obtained for each impurity. In Table II , we list the ratio between the ZPSF and the spin magnetic moment, ξ ⊥ /M s . Surprisingly, our ab initio calculations reveal that the magnitude of the fluctuations for Co and Tc are larger than the spin magnetic moment itself, while being nearly as big for Mo and Ru (see Table II ). In the case of Co, the high fluctuations are driven by the very large excitation amplitude, while Tc presents low amplitude but in a very large range of energies. Mn and Fe are more protected against the fluctuations, with ξ ⊥ /M s 20%. The source of low fluctuations, however, is very different: while Mn presents a sharp excitation peak -meaning that it is difficult to move the spin moment for most of the enegies -, Fe has a very broad excitation due to its hitherto discussed high damping -and even though the peak is relatively broad, the amplitude of excitation is fairly low.
The fluctuations affect the stability of the system by modifying the effective energy barrier between different spin orientations. As the system fluctuates, the ground state is not in the minimum value of energy, as in a quantum harmonic oscillator. The effective barrier that a system must overcome to change between states is then reduced. This is quantified by the renormalized MAE, K sf , given by 32
where K denotes the bare MAE. Eq. (7) shows in clear fashion how the transversal fluctuations alter the height of the anisotropy barrier: larger values of ξ ⊥ results in a lowering of the MAE. A comparison between the bare anisotropies obtained from the band energy, K b , and from the susceptibility, K susc , as well as their renormalized counterparts are shown in Fig. 3 . 3d and 4d impurities display rather contrasting behaviours, since the MAE for 3d impurities remains nearly unaffected by the fluctuations, which is due to the fact that the fluctuations are relatively small for Mn and Fe. This change is represented in Fig 5a, where the original barrier defined by K b is decreased to K sf b . The MAE of Co is negligible and is very weakly altered; we note in passing that the very weak anisotropy has been also observed experimentally for Co trimers on graphene 67 . For the 4d elements, the fluctuations are substantial as they lead to a considerable reduction of the MAE barrier in the case of Mo and Ru. Interestingly, the most extreme scenario occurs for Tc impurities displaying the largest spin-fluctuations amplitude, where the renormalization switches the preferable moment orientation from in-plane to out-of-plane. This case is illustrated in Fig. 5b . Counterintuitively, ZPSF promote an atom, being initially not interesting, to the pool of candidates for magnetic bistability. Among all the elements investigated so-far, it is the first time that ZPSF is not detrimental in the race of establishing single magnetic moments as stable entities for information technology.
IV. CONCLUSION
In this work we have investigated the magnetic stability of single 3d transition metal adatoms (Mn, Fe and Co), as well as 4d adatoms (Mo, Tc and Ru), adsorbed on graphene by using first-principles DFT calculations based on the KKR approach. We have performed a systematic analysis of several groundstate and dynamical properties including the spin-excitation energy, the spin lifetime, the spin-fluctuation spectra and the ZPSF-renormalized MAE. Our static DFT calculations exhibit spin excitations of the adatoms with a large range of lifetimes, from fractions of picoseconds for Fe to nanoseconds for Mn. Those values are highly influenced by the impurity states close to the Fermi energy, and indicate that the lifetime can be controlled with the application of electric gates. The obtained ground-state results establish perpendicular magnetic anisotropies for Fe and Co, whereas the rest of adatoms show an in-plane easy-axis. Nevertheless, zero-point spin-fluctuations can severely alter the static picture; apart from producing an overall decrease of the magnitude of the MAE, in extreme cases like Co and Tc adatoms, fluctuations can even reverse the preferred spin orientation. This unexpected result for Tc demonstrates how the ZPSF can modify the energy landscape to promote bistability in an otherwise in-plane geometry. Our analysis indicates that Fe is the best candidate for potential technological applications; apart from showing a perpendicular easy-axis, it is particularly robust against fluctuations. Altogether, we believe our investigation has shed light into the dynamical magnetic properties of this fascinating material when coated with transition metal single adatoms.
